ABSTRACT: We applied different types of fluorescent markers to natural bacterioplankton from different aquatic systems to investigate microscopically the percentage of viable bacteria. To characterise viable bacteria, cell-specific respiration was measured by cyanoditolyltetrazolium chloride (CTC) reduction. Membrane integrity was investigated with 3 'dead cell' stains (SYTOX ® Green, propidium iodide and ethidium homodimer-2). Cellular enzyme activity was detected by artificial substrate analogs with a high cell retention (CellTracker™ Green CMFDA for cellular esterase and 7-amino-4-chloromethylcoumarin L-leucine amide, hydrochloride [CMAC-Leu] for cellular peptidase). The percentage of impermeable, i.e. morphologically intact, cells accounted for 22 to 81% of the total cell number at all locations. Although up to 48% of all bacteria were respiring, they averaged between 10 and 14% in freshwater, estuarine waters and in the Baltic Sea. The portion of esterase-positive cells correlated significantly with the concentrations of dissolved (DOC) and particulate organic carbon (POC) as well as with chlorophyll a (chl a) content. Cellular esterase was shown by this labelling technique in only 9% of freshwater, 12% of estuarine and 5% of Baltic Sea bacteria, . The percentages of bacteria with cellular peptidase were even lower with 6, 5 and 3%, respectively. The different amounts of intact and respiring bacteria as well as those with cellular hydrolytic enzyme activities require not only correct operational definitions of active and viable bacteria, but also the appropriate choice of fluorescent markers regarding the goals of investigation. Fluorescent labels for cellular hydrolytic enzymes will also provide a new tool to localise active cells in aggregates or on sediment particles, where, besides the respiration of organic carbon, hydrolysis of organic substances is an important conversion process.
INTRODUCTION
The quantification of metabolically active bacteria is important in studies of microbial production and growth rates, organic matter decomposition and for assigning microbial activities to individual organisms (e.g. Kogure et al. 1979 , Rodriguez et al. 1992 ). There is a great variety of physiological reactions and states of bacteria which can be used to distinguish between inactive and active or permeabilised and intact cells.
The widely used test of the bacteria's ability to form colonies on agar plates is most certainly one of the securest signs of viability (Barcina et al. 1989 , Bunthof et al. 1999 . On the other hand, it is well known that only a very small percentage of aquatic bacteria grow on agar plates (e.g. Ferguson et al. 1984 , Gocke & Rheinheimer 1991 . The same dividing ability is tested in the direct viable count method without the use of growth media by enumerating elongated cells after treatment with nalidixic acid (Kogure et al. 1979 , Fiksdal & Tryland 1999 . The frequency of dividing cells is also used as a measure for viability (Hagström et al. 1979) .
Another characteristic of intact and potentially viable cells is the integrity of the cell membrane and the trans-membrane potential. There are numerous nucleic acid-specific fluorescent markers that do not penetrate intact membranes: the so-called 'dead cell stains'. The most common is propidium iodide, which is also the dead cell counter-stain in the LIVE/DEAD ® BacLight™ bacterial viability kit (Haugland 2001) and in the vital stain and probe technique (Williams et al. 1998) . Propidium iodide has already been applied to natural bacterial assemblages (Yamaguchi & Nasu 1997 , Boulos et al. 1999 . Other impermeant nucleic acid stains, such as TO-PRO (Novo et al. 2000) or SYTOX (Roth et al. 1997 , Lebaron et al. 1998a , were also applied to bacterial isolates, especially to test antibiotics susceptibility or other stress factors. Markers sensitive for the electrochemical trans-membrane potential are of the oxonol-group, which are enriched in dead cells, and also rhodamine 123, which is accumulated in viable cells (Veal et al. 2000) .
Respiratory activity of individual bacteria has also been used extensively to detect viable cells in aquatic samples. There are several tetrazolium salts that are reduced in respiring cells to dark coloured crystals (King & Parker 1988 , Posch et al. 1997 ) and cyanoditolyltetrazolium chloride (CTC) is reduced to red fluorescing formazan crystals (e.g. Rodriguez et al. 1992 , Sherr et al. 1999a .
The activity of cellular hydrolytic enzymes, especially esterases, has been used for bacterial strains to investigate stress susceptibility (Diaper et al. 1992 , Bunthof et al. 1999 and to show intracellular activity in phytoplankton (Dorsey et al. 1989 , Murphy & Cowles 1997 , fungi (Breeuwer et al. 1995 , Schading et al. 1995 and natural bacterial assemblages (Chrzanowski et al. 1984 , Porter et al. 1995 , Yamaguchi & Nasu 1997 . The artificial fluorogenic enzyme substrates were fluorescein diacetate or derivatives with a higher cell retention (Dive et al. 1988 , Breeuwer et al. 1995 , Haugland 2001 .
Other features of damaged or dead cells are the absence of a bacterial capsular envelope (Heissenberger et al. 1996) , the lack of a nucleoid in the socalled 'ghosts' (Zweifel & Hagström 1995) , a very low ribosome content making the cells undetectable by fluorescence in situ hybridisation (FISH) (Williams et al. 1998 , Glöckner et al. 1999 , or the inability to incorporate nutrients or organic compounds as visualised by autoradiography (e.g. Meyer -Reil 1978) .
The use of fluorescent viability markers for bacteria is well established for bacterial cultures, especially in combination with a flow cytometer. However, there are some difficulties in their adaptation to natural bacteria, which are often much smaller than culture isolates. Bacteria in or on particles and aggregates are often covered by mucus, which restricts or slows down substrate transport to the organisms. This requires a careful adaptation and supervision of methodological protocols. Therefore, we investigated microscopically the percentage of viable bacteria by applying different types of fluorescent viability markers to natural bacterioplankton from different waters. We choose 3 types of microbial activity to characterise viable cells: (1) cell-specific respiration measured by CTC reduction (Rodriguez et al. 1992) ; (2) membrane integrity investigated with 3 different 'dead cell' stains (Haugland 2001) ; and (3) the cellular enzyme activity by measuring esterase-active (Chrzanowski et al. 1984 ) and peptidase-active bacteria (Haugland 2001) . Samples of natural pelagic bacteria were taken from 12 stations with different salinities and very contrasting concentrations of dissolved (DOC) and particulate organic matter (POC). All stations were sampled twice: first during winter at water temperatures < 5°C and then at the onset of the phytoplankton spring bloom when water temperatures were higher but there were still enough inorganic nutrients (Schumann et al. 2003, this issue) .
A main aim of this work was to find out whether or not 3 viability stain types sensitive to different physiological processes result in the same portion of active or intact bacteria. We wanted to check in further detail if 3 different impermeant nucleic acid stains, the socalled 'dead cell' stains, would label the same portions of bacteria with damaged membranes. We considered this to be unlikely because molecules of different size and charge may penetrate bacteria depending on the species as well as the type and extent of membrane damage. Additionally, we intended to show the range and variability of the portion of metabolically active and intact bacteria in natural water samples. The influence of environmental factors (i.e. salinity, organic matter and temperature) and the bacterial production on the fraction of active and intact bacteria was be estimated from correlation analyses. The results presented here will form the basis for further experiments.
MATERIALS AND METHODS
Sampling. To obtain information from different pelagic systems, 3 freshwater, 5 estuarine and 4 coastal stations of the southern Baltic Sea were sampled once in winter at water temperatures below 5°C and once during spring (Schumann et al. 2003) . From the upper 50 cm, 10 l samples were taken and transported in a cold box to the laboratory within 1 h. They were then incubated for activity measurements and processed immediately for all other determinations. Samples were kept at in situ temperature for all viability staining and counting procedures, which were performed within the next 7 h (Fig. 1 ). Methods to determine POC and DOC, the C/N ratio, chlorophyll a (chl a) concentration, bacterial production and hydrolytic enzyme activities are presented in Schumann et al. (2003) .
Bacterial abundance. Total bacterial cell numbers were counted in unfixed samples after staining with DAPI (Roth) according to Porter & Feig (1980) . Replicate subsamples of 0.5 to 2.0 ml were filtered onto black stained 0.2 µm Isopore™ polycarbonate filters (Sigma-Aldrich) and stained separately (1 mg DAPI in 100 ml phosphate buffer pH 7.6, 29 µM final concentration) for 10 min. DAPI stained cells always served as the reference to calculate percentages of active or damaged cells.
The total cell number resulting from the application of the LIVE/DEAD ® BacLight™ bacterial viability kit (Molecular Probes Europe) was calculated in order to check its correspondence with the DAPI counts.
All bacteria were counted under an Olympus BH2-RFCA at a 1250-fold magnification with the filter sets UG-1 for UV excited blue, BP 490 for blue excited yellow-green and BP 545 for green excited red fluorescence. The staining procedures were carried out according to the product information sheets provided by the manufacturers. Four replicate filters and 500 bacteria for dual and 400 cells for single staining procedures were always counted. The BacLight mounting oil, which is part of the viability kit (see next subsection), was also used for the other 'dead cell' stains because standard immersion oils may permeabilise cells on the filter. For all other stains, immersion oil (Olympus) was used as the embedding medium.
Membrane integrity. Three different membrane impermeant fluorescent stains were applied to test the membrane integrity of bacteria. All of these are nucleic acid-specific stains, which are larger than cell permeant fluorescent markers, are often charged, and/or have groups that cause steric hindrance for membrane diffusion. The first stain we applied was propidium iodide (PI), which is a doubly charged phenanthridinium derivative. It was used by Williams et al. (1995) for detritus and then in 1998 as a 'dead cell' stain for aquatic bacteria, and is actually one of the most common stains for dead cells (Haugland 2001 ). We applied PI as part of the LIVE/DEAD ® BacLight™ bacterial viability kit together with the permeant SYTO 9. Under blue excitation, intact cells appear green due to SYTO 9 staining and permeabilised cells appear red because of additional or replacement intercalation by PI into the nucleic acids (Boulos et al. 1999 ). We applied PI as part of the viability kit according to the manufacturer's instructions at a final concentration of 3.3 mM. ® BacLight™ bacterial viability kit including PI = propidium iodide and SYTO 9, DAPI = 4', 6-diamidino-2-phenylindole dihydrochloride, CTC = cyanoditolyltetrazolium chloride, CMFDA = 5-chloromethylfluorescein diacetate or CellTracker™ Green, CMAC-Leu = 7-amino-4-chloromethylcoumarin, L-leucine amide, hydrochloride) and the resulting bacterial abundances grouped into intact, respiring, hydrolytically active and total cell counts are also indicated
As the second membrane impermeant stain, we used the asymmetrical, triply charged cyanine dye SYTOX ® Green (Molecular Probes Europe) (Roth et al. 1997) . The final concentration for staining was 0.5 µM as proposed on the product information sheet.
Ethidium homodimer-2 (Eth-D2) (Molecular Probes Europe), which is also as 'Dead Red' part of a viability kit (LIVE/DEAD ® reduced biohazard cell viability kit #1), consists of 2 phenanthridinium fluorophores with a large spacer group and is quadruply charged. Eth-D2 was applied, like SYTOX, at a final concentration of 0.5 µM.
Because differences in the membrane permeability of the 3 stains were observed, we defined the portion of permeabilised cells as the maximum number of bacteria that could be stained by any of the impermeant stains.
Respiring bacteria. The reduction of CTC to red fluorescing formazan crystals via electron transport activity was used to detect respiring bacteria (Rodriguez et al. 1992) . Incubation times > 6 h at in situ temperature and 5 mM CTC resulted in the highest numbers of active bacteria, which could not be enhanced by further prolongation of incubation time or substrate concentration. Bacteria were counter-stained with DAPI (see above) and 500 of them were examined for fluorescing crystals.
Hydrolytically active bacteria. 5-chloromethylfluorescein diacetate (CellTracker™ Green CMFDA, Molecular Probes Europe) was applied as an artificial substrate for esterases. After enzymatical hydrolysis, CMFDA starts to fluoresce and is bound by its chloromethyl-group to the intracellular protein pool (Haugland 2001) . Thus, cells with esterase activity are stained.
To stain peptidase-active bacteria, 7-amino-4-chloromethylcoumarin, L-leucine amide, hydrochloride (CMAC-Leu, Molecular Probes Europe) was used in the same way. Stock solutions of 5 mM artificial substrate in 100% dimethyl sulfoxide were prepared and stored at -20°C for up to 3 wk. All samples were incubated at final concentrations of 91 µM and in situ temperatures for > 5 h; analogous to the quantitative enzyme assays.
Some fluorescent stains, e.g. the fluorescent breakdown products of CMFDA or CTC, faded very quickly. Although it was always possible to count bacteria, we had to apply anti-fading substances in the preparation of samples for microphotography. Propylgallate at trace concentrations was especially effective.
Statistical analysis. Differences between bacterial numbers stained by different dyes in the same sample were detected by t-test. If the data did not pass a normality and equal variance test, the Mann-Whitney rank sum test was applied. The all-pairwise, multiple comparison Student-Newman-Keuls method or Dunn's test were used to isolate significantly differing values when more than 2 stains were compared. To compare the mean cell numbers stainable by 2 dyes in all samples together, a 1-way ANOVA was used for data passing the normality and equal variance test. Otherwise, the Kruskal-Wallis 1-way analysis on ranks was chosen. A critical p-value of < 0.05 was always applied.
RESULTS

Characterisation of the sampling stations
The description of sampling stations and times is given in Schumann et al. (2003) along with organic matter, microbial abundances and activities. Here, we summarise the ranges of organic matter and bacterial cell numbers, and classify the freshwater, estuarine and Baltic Sea samples concerning their trophy.
Two of the 3 freshwater sites were classified as eutrophic. The deepest lake, Tiefer See (TS), was ranked as mesotrophic. Maximum POC concentrations, bacterial abundances and production were 1.6 mg C l -1 , 11 × 10 6 bacteria ml -1 and 4.4 µg C l -1 h -1 , respectively. These values were lower than those from estuarine sites, but much higher than the Baltic Sea coastal stations. In contrast, DOC concentrations were as high as in the estuarine stations (≤12 mg C l -1 ). The estuarine waters are semi-enclosed, shallow, highly productive systems and dominate the southern Baltic Sea coast line. Due to strong eutrophication until the early 1990s, high amounts of POC and DOC accumulated in these waters. Concentrations of POC ≤16 and DOC ≤13 mg C l -1 were measured in the DarssZingst bodden chain. Bacterial abundances and activities were rather high with a maximum of 24 × 10 6 ml -1
and 18 µg C l -1 h -1
. The other estuarine station (Unterwarnow, UW), being the estuary of the river Oberwarnow (OW), has a more intensive water exchange with the Baltic Sea and therefore, a lower organic burden and fewer bacteria (≤1.8 mg POC l -1 , ≤ 9.8 mg DOC l -1 , ≤14 × 10 6 bacteria ml -1
). The coastal stations of the Baltic Sea, classified as mesotrophic, were not severely loaded with organic matter and bacteria (POC ≤ 0.8, DOC ≤ 5.5 mg C l -1 , bacteria ≤ 3 × 10 6 ml -1 ), although they are rather shallow and sediment particles were included sometimes in the samples. Bacterial production was on average much lower than at all other stations, but 1 high rate of 4.6 µg C l -1 h -1 approached those seen in freshwater systems. This particular sample was taken during stormy weather and contained resuspended sediment particles.
Spring bacterial abundances were up to 2.8 times higher compared to winter data at the fresh and brackish water stations. In contrast, bacterial cell numbers in the Baltic Sea decreased by at least 32%.
Bacteria with permeable membranes
In the freshwater samples, intermediate bacterial cell numbers were observed. Highest values occurred at the estuarine stations. The Baltic Sea samples always had the lowest bacterial numbers. Their abundances were at least 1.6 times lower than in any other sample (Fig. 2) .
Compared to the DAPI-stainable bacteria, we observed only 60% (33% at lowest) of them with the LIVE/DEAD ® BacLight™ bacterial viability kit as the sum of living and dead bacteria. In 16 out of 24 investigated samples, these differences were statistically significant (Fig. 2) . Nevertheless, we always refer to the bacterial abundance resulting from the DAPI staining procedure, because it is one of the most often applied nucleic acid stains in bacteria enumeration protocols.
In the freshwater samples, permeabilised cells varied between 2.1 and 5.2 × 10 6 ml -1 , at the estuarine stations between 3.5 and 8.1 × 10 6 ml -1 and reached only 1.3 × 10 6 ml -1 in the Baltic (Fig. 3) . Their percentage of total abundance accounted for 39, 36 and 45% on average, respectively (Table 1) . In 14 samples, PI stained significantly more cells than SYTOX, and in 19 samples, more cells than Eth-D2. The only 4 samples of significantly more SYTOXpositive than PI-positive cells were all of estuarine origin. Only in 3 samples, all of them from the Baltic Sea, were there significantly more Eth-D2-positive than SYTOX-positive. Eth-D2 stainable cell numbers never exceeded PI-marked ones significantly (Fig. 3) .
The average percentages of permeabilised cells increased from winter to spring from 35 to 44% (cf. Table 1 ). Hence, 32 and 36% were detected by PI, 17 and 27% by SYTOX and 8 and 18% by Eth-D2 in the winter and spring sampling period, respectively. This was not simply the result of lowered total numbers (Fig. 2 ), but was due to an increase in absolute numbers of permeabilised cells (Fig. 3) . 
Respiring bacteria
Formazan crystals resulting from respiratory activity could be observed in 10% (1 to 23%) of the bacteria from freshwater and estuarine samples. In the Baltic Sea water samples, this average percentage was slightly higher with 14% (3 to 48%) ( Table 1) . Differences between seasons were insignificant.
Hydrolytically active bacteria
Peptidase-positive cells were not only rare, but cellular peptidase seems to be specific for large and striking (Fig. 4a) or algae-associated cells (Fig. 4b) . The fluorescence brightness was sufficient, but compared to DAPI (Fig. 4c) , which has a ca. 30 times enhanced fluorescence upon binding to nucleic acids, it was rather dim. Cellular esterase is obviously more related to slightly larger bacteria (Fig. 4d) . The chloromethylfluorescein-labelled cells were brightly fluorescent, but they quickly faded, and therefore required a considerable reduction of excitation light.
Up to 1.82 × 10 6 peptidase and 1.32 × 10 6 esteraseactive bacteria were found in freshwater per ml and up to 1.38 × 10 6 and 2.95 × 10 6 peptidase and esterasepositive cells were counted in estuarine samples per ml (Fig. 5) . In the Baltic Sea samples, the highest observed number of hydrolytically active bacteria was only 0.16 × 10 6 ml -1 . In 19 out of the 24 samples, there were significantly more esterase-positive bacteria than peptidase-active. About 4 times as many bacteria showed cell bound esterase activity in these samples on average.
Similar to the low percentage of respiring bacteria, esterase-and peptidase-active cells amounted to a maximum of 24 and 20% of all DAPI-stainable bacteria. The portion of peptidase-active cells averaged 6, 5 and 3% in the freshwater, estuarine and Baltic stations, respectively. Esterase-positive cells accounted for an average of 9, 12 and 5 of the total bacterial abundance, respectively (Table 1 ). Significant differences between winter and spring samples could not be detected for the percentage of hydrolytically active bacteria (Table 1) . However, especially in estuarine waters, the absolute number of esterase-positive cells were higher in spring, significantly at 3 of the 5 stations. Peptidase-positive cells of these stations were higher in winter than in spring (Fig. 5) .
Physiological states of individual cells depending on environmental conditions
Although we sampled waters with different salinities, we could not detect strong dependencies of bacterial activities, cell numbers or the percentage of active or intact bacteria from this abiotic factor by correlation analysis. Nor could a relationship to water temperature be established (Table 2) , because we sampled only at rather low temperatures in winter and low to moderate temperatures in spring (Schumann et al. 2003 ). (Table 2) .
There were also strong correlations of total, intact and active bacterial cell numbers to the chl a concentration. However, without data on primary production and especially on phytoplankton exudation, it is impossible to evaluate whether the activities were causally related to phytoplankton, an altered organic matter supply by different primary production rates or only an indirect correlation via the co-occurrence of bacteria and phytoplankton.
Bacterial activities, production and hydrolytic activity were strongly correlated with organic matter concentrations (Schumann et al. 2003) . Bacterial abundance and the numbers of intact and active cells themselves also increased significantly with bacterial activity. Surprisingly, respiring bacteria were not correlated with production measured by leucine uptake and respiration. However, the percentage of intact and active cells did not correlate with bacterial activity, except for esterase-positive cells and hydrolytic activity (Table 3) .
DISCUSSION
Viability test parameters
The first prerequisite of viability is the presence of DNA and RNA in the cells, which can be visualised by nucleic acid-specific stains, like DAPI, even in viable but not culturable cells (VBNC) (Weichart et al. 1997) . If oligonucleotide probes hybridise to enough binding sites in cells, one can assume that the rRNA level is high and the cell can be declared as living and active. In combination with impermeant nucleic acid staining, several cell states between living and dead can be described, e.g. inactive but living (Williams et al. 1998) .
Most of the comparisons between different viability states were obtained from antibiotic susceptibility experiments or tests of other stress factors, e.g. UV radiation, starvation, heavy metals and coldness. If the fluorescent probe detects viable cells that are dividing, the results from the fluorescent marked cells have to relate to the plate or direct viable counting methods. Membrane permeability, tested by the staining of cells with impermeant nucleic acid stains after antibioticinduced cell damage, reflected injury of Escherichia coli, but the results were not confirmed by the plate counting method (Mortimer et al. 2000) . The same was found for copper-killed, plant-associated bacteria (Alexander et al. 1999) or starved Salmonella typhimurum (Caro et al. 1999) . Trans-membrane potential and respiratory activity seem to be more sensitive characteristics of viable cells than membrane permeability, especially in stressed cells (Jepras et al. 1997 , Boulos et al. 1999 , Caro et al. 1999 . However, there are other investigations of E. coli which demonstrated that the loss of culturability through even moderate doses of UV irradiation was not reflected by any of the measured cellular activities (Fiksdal & Tryland 1999) . Since UV radiation directly affects nucleic acids, its target is specifically and strictly cell division. ) and the percentage of impermeable, respiring, peptidase-positive and esterase-positive bacteria (%). r S : correlation coefficient; p: error probability; *: significantly correlated with p < 0.05; n = 24, except for respiration, where n = 21 This lack of congruence of certain viability tests requires thorough operational definitions of active and viable bacteria and the appropriate choice of fluorescent markers regarding the goals of the respective investigation. Moreover, for the study of microbial carbon and nitrogen turnover processes in natural environments not only live bacteria with the ability to divide are of interest, but also especially those cells that actually show certain activities, e.g. hydrolysis of polymers.
Permeant and impermeant nucleic acid-specific fluorescent stains
The systematic underestimation of total bacterial abundance (living + dead cells) by the LIVE/DEAD ® BacLight™ bacterial viability kit was also found by Gasol et al. (1999) , who investigated bacteria from Mediterranean coastal waters. In contrast, Lebaron et al. (1998b) reported that SYTO 9, which is part of the viability kit, is most suited for counting living bacteria. Concerning the suitability of DAPI in comparison to the also often used acridine orange, there is evidence for further underestimation of bacterial total counts (Suzuki et al. 1993 ). However, orange and red fluorescing dyes do not allow a clear differentiation from picocyanobacteria, which are very abundant in the estuarine samples from the Darss-Zingst bodden chain (Klinkenberg & Schumann 1995) and can be important in other systems.
The application of the different impermeant probes PI, SYTOX and Eth-D2 resulted in decreasing percentages of permeabilised and, hence, not viable bacteria. These differences, which were not depending on the water types sampled, may be the result of a gradual permeabilisation of cells, which allows the permeation of the probes depending on their molecule structure. Thus, Eth-D2 (Haugland 2001 ) entered only bacteria with completely open membranes. The higher portion of permeabilised cells at higher water temperatures that was detected by all 3 probes may be the result of increased protozoan abundances in spring (Schumann et al. 2003) and their growing grazing pressure, especially on the active fraction (Sherr et al. 1992 , del Giorgio et al. 1996 .
Other factors that influence the staining of dead cells by impermeant probes were antibiotic and disinfection treatments or starvation, i.e. processes that injure directly or indirectly membranes. The application of SYTOX, PI and TO-PRO-1 to Escherichia coli, injured by a set of antimicrobial treatments acting at different sites, resulted in distinguishable percentages of permeabilised cells. The portion of stained cells seemed to depend on the target process of the antibiotic and different efflux rates of the probes (Mortimer et al. 2000) , which can be again altered by the cell's energy status and membrane permeability. In contrast to trans-membrane sensitive dyes, PI did not adequately reflect injuries through starvation in 2 bacterial strains (e.g. López-Amorós et al. 1995; cf. discussion above). These facts require a precise knowledge about the bacteria's injury or a strict use of methodological definitions (morphologically intact, culturable, metabolically active) instead of the more theoretical concept of viability (cf. Kell et al. 1998 for a thorough discussion), if impermeant stains are applied to quantify dead cells. However, if the killing agent works directly via membrane lysis, e.g. lytic sera, results with impermeant probes conform with the plate counting method (Virta et al. 1998) .
A last drawback of impermeant stains is that they cannot label cells without nucleic acids, which obviously also have to be dead. Thus, a careful estimation of nucleoid-free cells has to be carried out (for a discussion of the 'ghost' problem raised by Zweifel & Hagström 1995 , cf. Choi et al. 1996 .
Marker for cellular enzyme activity
Various fluorescein esters have already been used in bacterial viability assays, e.g. fluorescein diacetate (FDA) (Chrzanowski et al. 1984 , Diaper et al. 1992 , carboxyfluorescein diacetate (CFDA) (Dive et al. 1988 , Miskin et al. 1998 and Chemchrome B ® (Clarke & Pinder 1998) . However, in most cases, flow cytometers were applied to count the stained bacteria. Consequently, this technique restricted the investigations to larger and homogeneously distributed cells of bacterial cultures. In the detection of viable eucaryotes, FDA is already widely applied (microalgae: Dorsey et al. 1989 , Murphy & Cowles 1997 , Jochem 1999 fungi: Saxena & Lysek 1993 , Schading et al. 1995 pathogenic protozoa: Jackson et al. 1985 , Yokoyama et al. 1997 . To date, CMFDA has only been used for testing the viability of human cells (Deutsch et al. 2000) and as a vital or cell tracker dye for eucaryotic microbes (Li et al. 1996 , Bell et al. 1998 .
There seems to be a problem with the permeation of fluorescein diacetate-derivatives into some types of bacteria (Chrzanowski et al. 1984 , Jepras et al. 1995 . However, the transport of FDA into Saccharomyces cerevisiae was not the limiting step for staining; however, for CFDA, the transport was rather slow (Breeuwer et al. 1995) . Because of a lack of data on transport properties of CMFDA, we incubated the samples for more than 5 h and therefore, much longer than the just-mentioned 3 working groups. By doing so, even at the slow influx rates expected, sufficient quantities of the CMFDA esterase substrate should have permeated into all bacteria in order to stain the esterase-active ones.
Another complex of problems arises because of the efflux or loss of the hydrolysis products (Dive et al. 1988) . Opposed to fluorescein, chloromethylfluorescein has a high cell retention, because it is bound via glutathion S-transferase to the cell's protein pool, and thus stains all esterase-active cells brightly. Carboxyfluorescein has also a much lower efflux velocity than fluorescein in viable cells (Dive et al. 1988 ), but it can be actively exported by cells (Breeuwer et al. 1994 ). Thus, esterase-active cells with a good nutrient and energy supply might be less brightly stained than starving cells with a residual esterase activity.
The different percentages of peptidase-active bacteria compared to esterase-active ones as well as the observed different morphotypes (Fig. 4) indicate that (1) esterase substrates are not general viability marker; and (2) there is a potential in such artificial enzyme substrates to localise and assign cell-bound activities to discrete organisms. Unfortunately, the broad emission spectrum of chloromethylfluorescein accompanied by its comparably bright fluorescence leads to false positive results of peptidase-active cells in double staining experiments. Thus, we cannot estimate the proportion of cells with both activities.
Organic matter supply, activity and viability
In contrast to del Giorgio & Scarborough (1995) and Sommaruga & Conde (1997) , we could not detect significant correlations between the nutrition of bacteria, expressed as chl a and/or nutrient concentrations, and the portion of respiring bacteria based on our samples (Table 2) . Moreover, the abundance and the percentage of respiring cells were not correlated so strongly to abiotic and organic matter parameters as the other viability markers, or even correlated at all. A positive correlation with bacterial production, as was observed by Lovejoy et al. (1996) , Sommaruga & Conde (1997) and Sherr et al. (1999b) , could also not be established for any percentage of active cells. However, there were significant positive relationships of organic matter and total hydrolytic enzymes activities with the portion of esterase-positive bacteria, but not with the other percentages of intact or active bacteria (Tables 2 & 3) . The organic matter supply seems not only to increase bacterial cell numbers and activities, but to enlarge specifically the portion of actively organic matterdegrading bacteria. This stimulating effect of organic matter supply could not be proven statistically for intact, respiring or peptidase-positive cells. Although the number of those increased with organic matter and bacterial activities, it seemed to rise only proportionally to the total numbers.
The average percentage of respiring bacteria in our meso-to eutrophic waters (Table 1) was rather low compared to other coastal and freshwater systems, but higher than the data from several oceans (Table 4) . Compared to the few data of portions of impermeable bacteria, this percentage was rather high in our systems, at least if we consider the maxima. In contrast to that, the contribution of esterase-positive bacteria to total abundance was more similar to the data from oligotrophic to mesotrophic systems (cf. Tables 1 & 4) . Since there are only few observations of intact and hydrolytically active bacteria (Table 4) , it would be far too early to draw any ecological conclusions. Moreover, only few investigations of respiring bacteria relate microbial activities to environmental data, e.g. nutrients or biomass other than bacteria (del Giorgio & Scarborough 1995 , Sommaruga & Conde 1997 , Sherr et al. 1999b ). Studies of different markers for metabolical activities in the same sample were only done intensively in bacterial cultures (López-Amorós et al. 1995 , Jepras et al. 1997 , Virta et al. 1998 , Boulos et al. 1999 , Caro et al. 1999 , Fiksdal & Tryland 1999 , but almost never in natural samples (Yamaguchi & Nasu 1997) .
However, the main questions that remain are: Why has the bacterioplankton in the bodden, being loaded heavily with POM and DOM, rather low cell-specific production rates? Why do 40% (19 to 78%) of bacteria from all waters investigated persist in the water column, although their membranes are damaged? Why are they not grazed or degraded? Why do only 10 to 14% of all bacteria respire if 60% have intact membranes? DOM, especially in the eutrophic bodden, must be investigated in more detail to estimate if bacteria can be carbon-limited at DOC concentrations of 9 to 13 mg C l -1
.
CONCLUSIONS
The fluorescent labelling of bacteria, which show special hydrolytic cellular enzyme activities, allows, in combination with a cell-sorting flow cytometer, the subsequent analysis of their genetic diversity and perhaps also their phylogenetic affiliation. Initial results on genetic diversity of respiring (CTC-positive) and viable (nalidixic acid elongated) cells proved that studies on genetic diversity of the total community include nonviable cells (Bernard et al. 2001) . The application of probes for special cellular enzymes in such experiments is providing the possibility to relate certain microbial activities to specific taxonomic groups. The combined application of microautoradiographic inves-tigations on substrate uptake and FISH (e.g. Lee et al. 1999) represents another methodological strategy to relate activity and taxonomy.
Another experiment of great ecological interest would be the combination of the autoradiographic study on substrate uptake with the fluorescent labelling of hydrolytically active bacteria. That would eventually help to solve the questions about the fate of the enzymatically degraded particulate or, at least, polymeric organic matter to oligo-and monomeric compounds and the regulation of extracellular and periplasmatic enzyme activity, as they were addressed by Chróst (1990) . To which extent can the degrading micro-organisms take the hydrolysis products up by themselves? Is the enzymatical hydrolysis a main source of readily available organic substrates? How can the supply of polymeric organic substrate induce the expression of extracellular and periplasmatic hydrolytic enzymes? The fluorescent labels for cellular hydrolytic enzymes will also provide a new tool to localise active cells in aggregates or on sediment particles where, besides the respiration of organic carbon, its hydrolysis is an important transformation process.
In aquatic microbial ecology, most hydrolytical enzyme activities are attributed to heterotrophic bacteria except for alkaline phosphatase (Chróst 1990 ). The application of substrates for cellular hydrolytical enzymes will also reveal the percentage contribution of other organisms to enzymatic hydrolysis. At least for cellular esterases, there are numerous results on yeasts or algae. The explanation of rather high percentages of enzyme activities in fractions that cannot pass through 3 µm filters, being due solely to the high activity of attached bacteria (Hübener et al. 1996 , Hoppe et al. 1998 , is to be questioned. 
